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ABSTRACT

The optical spectrum of samarium atoms trapped
in matrices of argon and krypton at 4.2°K was examined.
A simple basis for interpretation ¢f the results is
presented, in which the matrix perturbation is applied
to the free atom in some quantum state of total angular
momentum J.

The spectra can be correlated with the publlshed
data for SmI, but the complexity of the results,
perticularly in argon, make a detailed interpretation
difficult., 8Bome exceptionally sharp triplets wit?
small splittings are congldered to be derived from
levels of the excited &f55d652'configuration, none of
which has previously been ldentified, Fluorescence
was observed, corresponding to transitions from an
exclted state to the /-, end F, levels of the

greuﬁﬁ state,
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2
useful empirical treatment was presented by Robinson
and McCarty (2) who examined the spectra of sodium
and mercury atoms in inert gas matrices, Thelr
results showed thet the transition energles for the
atoms were only slightly affected; in eddition, the
orbital degeneracy for the excited P state was com-
pletely removed since three lines were seen, The
problem of spectral shifts in matrices was also
treated in a recent theoretical paper by Coulson and
Jortner (3).

Readily vaporized metals were chosen for study;
in each case, the free atom spectrum consisted effec-
tively of a single isolated line in the region of
interest., The glectron configuration of the atoms
was relatively simple, consisting of a series of
completely fllled shells, the outermost one belng
an 8 shell, In the spectral transitions of interest,
an outer s electron is promoted to a p orbltal of
the same shell, or the next higher one, 8ince the
trapped atom is closely surrounded by the lnert gas
atoms, such transitions are significantly perturbed,
and splittings of the order of 102 em~! are observed,

All the lines are broad,
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This work arose from the suggestion that a rare-

earth atom, with a configurstion invoiving a partially-
filled inner 4f sub shell (Tsble 1) and & more complex
pysten of energy levels would be an interesting sub-
Ject for investigation using this technique.
Trensitions involving a rearrangement of only
these 4f electrons might be seen, as in the spectra of
crystals of rare-earth salts (4)., In interpreting the
latter spectra, crystal field theory is a valuable
tocl, the field being considered ss a perturbation on
the ion in some guantun state of total anguler momentum
J. Standard cryatél field theory considers only first-
order contributions to the degeneracy splitting, and
treats the perturbation Hamiltonian &8s 8 sum of one-
electron terms, .It follows that only those intersctions
with electrons in partiaslly~filled shells conbtribute
to the splittings, Some analogous deductions whieh
follow when the theory is cautlously applied to this
trapped atom cese are quite reasonable, The splittings
for f«f transitions in crystals of rare-earth salts 1s
srall (10-100 cm™!), In these crystals, ilnteraction
between the Uf electrons, with three outer shielding

electrons removed, and the surrounding lons of the
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5
cryatal fieid is much stronger than in the case of the
neutral atom surrounded by inert gas atoms, Conseguently,
there was some interest in discovering whether these tran-
gltions would be accompanied by observable splittinge; the
1ines were expected to be quite sharp, since the pertur-
bation is slight. S8Such transitions are of course forbidden
in the free atom for the important case of electric-dipole
radistion, but would be weskly sllowed for the trapped
atom if 1¢s environment lacked a center of symmetry,
Allowed cuter elestron transitions ss in the case of the
simpler atoms would of course be seen, Thus the rare
earth aton spectrs were expected to show the ususl brosd
lines with wide eplitting, and possibly adme very sharp
lines with small aplittings, corresponding to forbid&en
f-f trensitions,

Bince the experimental procedure required the metal
to be vaporized, epparently only the readily wvoiatile
metals had hitherto been studled, Hence, a simple
solution to the attendant vaporization problem for the
comparatively high melting rare-earth metals would be
a8 useful practical extenslion of the technlque,

The particulsr rare earth toc be used was chosen

on the basis of its availability, volatility, and



)
spectral data, Naturslly, the atom waes required to
show absorption in the sccessible regilon, prefersbly
in the visible. The review by El'yashevich (6) 1s the
most recent eand comprehensive scurce for the spectra
of the rare earths, At present, the only typical rare-
aartn metals whose neutral free atom spectra have been
characterized to any significant extent are samarium,
europium, and gadolinium, The gadolinium spectrum is
especially complex since the ground state configurstion
includes a 5d electron (Table 1), Europium has the
simplest spectrum, due to the fact that ita 4f shell
is exactly half-filled. (The following brief comments
anticipate the final discussion, where their basis is
presented.) However, with a ground ﬁtate'gf;;%L,
excited states of europium would have J = 5/2, 7/2, or
g9/2 and the splitting of these highly degenerate levels
was expected to be quite complex, even though the two-~
fold Kremers' degeneracy (7) would of course remain,
S8amariun hes a3 ground state7fz , and with J = 0, this
should not be split, Moreover, in transitions from
this 7F‘; level, the excited state can have J = 1 only
eand so a further spectral simplification results, The

metal, as its low boliling point suggests, is one of
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could be cut with a sharp steel edge; traces of iron
lmpurlty may have been introduced by such treatment,
The metal was stored under hexane,

Various electrically heated tantalum boats were
fabricated and tested, but they were either too weak
mechanically, or required prohibitively high currents,
not readlly handled by svailable equipment., In another
approach, the metal wes readily vaporiged by striking
an arc between two electrodes tipped with samarium, but
the method was difficult to control, Finally, a simple
readily controlled vaporizer was mede by spot-welding
2 small plece of samarium metal to a tungsten wire through
which current could be passed, Currents up to about 30
emps were adequate and these were readlily avallable
from D.C, outlets, Figure 3 shows the detalls of the
vaporizer in its final form, together with the insert
into the cold finger system, This insert, incorporating
the inlet tube for the inert ges stream, was permagnently
attached to the e¢old finger and gas handling systems
throughout this series of experiments, but the vaporizer
was of course removable, |

Preparstion of Samarium Metal prior toc Run

In a procedure for checking and c¢leaning the metal
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i2
vaporizer before insertion into the cold finger system,
the samarium wes heated in a strean of hydrogen gas,
An Interesting green-~blue glow was observed araund the
samarium when 1t was heated in o hydrogen discharge,
probably due to emission from excited ssmarium atons
In the vapor, In later runs, the metal was clesned by
carefully filing the surface,
Pro¢edure during & Run

The linlng up and adjustment of the spectrograph
and optlical system, once accomplished, required no
attention in subsequent experiments. DBetween runs, the
inert gas systen (Figure 4) wes lsolated by closing stop-
cock C, while a pressure of sbout 4 x 16*& mm or less
was usually maintained continuously in the eold finger
system by the mechanleal pump, Before an experiment,
thie pressure was checked and the diffusion pump bturned
on, with a properly adjusted rate of cooling water, A
high flow rate of cold weter was continuously passed
through the baffle sbove the diffusion pump, ¥hile
this part of the aspparestus was pumping down, the inert
gas system was pumped out, the trap D being cooled with
1iquid nltrogen, After attaining = pressure of a few

microns, the gauge on the inert gas tank was checked
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1k
for leaks by closing stopcock A, opening the tank only
to the gauge, keeping the delivery valve c¢losed, then
closing the tank and checking for any drop in the geuge
pressure reading over the next few minutes, In the
meantime, any water in the nitrogen Dewar over the cold
finger was removed by use of an aspirator line, rinsing
out the Dewar two or three times with a2 little methyl
aleohol,

The diffusion pump reduced the pressure around the
cold finger to sbout 5 x 10"° mm, Bddition of liquid
nitrogen to the Dewar bdbrought this down further to
2% 10"6 mm, This outer Dewar was kept fililled throughout
the run, Subsequently, the inner Dewar was filled with
1iquid hellum according to a standard proeedure (1),
and g1l was ready for the deposition process,

With & delivery pressure of sbout 2 lbe, from the
inert gas tenk, stopcock A was opened, B was cloged,
and ¢ opened when the thermocouple pressure gauge read
200 microns, the steady pressure in the inert gass system
whenever deposition was talking plece, The vaporization
of the samarium metal was begun immedlately, using a
voltage usually of about 0.29 across the vaporizer, and

g D.C, souree of 16 volts, These values were determined
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in eariler runs,

The plate holder was removed from the spectro-
graph and the spectrun examined visually, In bhiﬁ way,
the deposition could be stopped lmmediately when evi-
dence of the strong absorption lines in the visible
first appesred, Spectra were photographed, with re-
‘peated deposition 1f desired, until the ligquid helium
was exhausted and the deposlt dissppesred, Finally,
the vaporizer and diffusion pump were turned off and
the inert gas system shut down,

Experimental Results and Discussion

Absorption spectra in the renge 3700 g~8000 2
Wwere obtained, A grating instrument, bullt in this
laboratory, was used, and both light and heavy deposits
of samarium were examined in matrices of argon and
krypton,

Before sttempting an interpretastion of the results,
the free atom data was examined, The spectra of the
rare-earth stoms are enormously complex, and s8till
largely uncharacterized. Thus, Albertson (8), considering
only the selection rule for J, the total angular momentum
guentum number, estimates that there are 18,000,000 lines

expected for a one electron transition in gadolinium,
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while adherence to the weak selectlon rules for L and
8 in addition Yo J reduces the number to 20,000, In
contrast, the same transition in caesium gives rise to
two llnes,

It is found that Russell-Saunders coupling holds
fairly well for the rare-earths, Albertsont's partial
analysis of the spectral lines for 8mI (8,9) 18 the
principal data scurce for ¢this spectrum,., The only
subsequent work reported was s atudy of the effect of
isotopic displacement on the lines, carried out by Brix
and Kopferman (10, 11), Thelr results showed that in
the region up to 185,000 em”l, 2ll the levels are due
'te the configuration &f6636p, while at higher energies,
levels due to other configurations, doubtless contalning
5d electrons, slso appear,

In the rare earths, spin-orbit Interaction is
considergblie, whille the perturbation of a trapped atonm
by the surrounding inert gas matrix is comparastively
small, Thus, for these outer shell transitions iﬁ
samarium, following Bethe's scheme in crystal field
theory (12) the matrix effect mey be considered gs a
perturbation on the free samarium atom in some particular

state of total angular momentum J., This is fortunate, for
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as mentioned}earliar, at 4,2° only transitions from
the ground state 7F‘; will oceur, and thus all excited
states should be J = 1 gtates, Remewmbering the resulta
of the earlier studles, it was expected that the degen-
eracy of these upper levels would be removed by the
matrix giving & series of triplets in the spectrunm,
The simpler regions of the spectra obtalned do indeed
show & triplet structure,

Accordingly, the assignments in the data on Sml
{3,9) were examined, and all upper levels of the cbserved
allowed trensitions, with J = 1 were tabulated, In only
three cases were the teruw and configuration of the level
alsc known, An energy ievel dlagram was piotted and
compared with the data obtained for the samarlum atom
in krypton (Figures 5(s), 5(b), 6(a), and 4(b),) A
general correlation 1s observed for the lines seen
strongly in absorption in SmI, However, the spectra
are complex and any debtailed identification is diffi-
cult, Additional uncertainty results from the fact that
the SmI data include some unclessifled lines, while
many lines were not even tabulated, being possibly
spurious, In particular, the spectral dats for levels

above 24,000 cm™! is admittedly questlonable (9). The
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basis for interpretation, outlined above, may be over-
8implified, and a more refined approach might involve
the combination of the spin-orbit and matrix effects
as one perturbation, with some breakdown of the J
selection rule,

The two lowest levels observed strongly in Sml
are not seen in krypton., They are of interest since
their configuration and term origins are known; both
lines derive from spin forbldden translitions f{rom the
ground state ( F, — 7F, ana F, — 7@‘;’) and may
in fact be comparatively wesk in these spectra, The
spectrun in argon (Figures 5{(c), 6{(c¢)) is quite complex,
ghowing many more lines; this may be due to 2 heavier
samarium deposit, or there may be more than one trap-
ping site in argon, as suggested in similer studiea
(2,13). Only the gross features of the spectrum in
argon can be correlated with those in krypton, and in
the two cases, around 18,00C em~! and 20,000 cm'l,
where some definite line correlation can be seen, a
gsmall shift to longer wavelengths in krypton 1s observed.
The lines in krypton are generally broader, probably
reflecting the higher polarigability of krypton over

argon, All spectral data are recorded in Table 2,
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As anticipated, two distinet spectral features
were displayed, More commonly, the lines were falrly
broad and showed wide splittings, but during the course
of several studles using argon, a few distinctly sharp
triplets with total splittings of about 20 em™! were
observed, as followss

(1) 21,073 21,080 21,087 em™?

{11) 23,568 23,579 23,590 em™
((111) 25,880 25,900 (probably in fact a triplet))

Figure 7 shows examples of these contrasting features,
At the beglmning of the work it was thought that £-f
trangsitions might be obsexrved as very sharp lines with
small spllttings, However, these would be extremely
wegk in absorption, if allowed, while the above narrow
sharp triplets are among the strongest features of the
spectrum, indicating that these transitions are strongly
allowed in the free atom, The two principal electronic
transitions in this reglon for 8ml aret

{a) 4286521 b6s6p

(b) 49682 —te55a652
In transition (a) an cuter 68 electron is promoted %o

an outer €p orbital, and the excited state should inter-

act strongly with the surrounding inert gas atoms to give
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19,910
23,590
18,980 23,579 =
23,568
18,710 ()

(a)

(e)

2h,90h 25,517
2h,956 25,478
Figure 8,

i (a) usual, broad, spectral feature
Examples of ( (p) gharp, closely spaced triplet

(¢) Fluorescence spectrum

(energies in wavenumbers)
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wide splittings and broad linea, However, in transitions
of type (b) only inner shell electrons are involved, and
the perturbation on these electrons due to the matrix
should be much smalier, resulting in sharp 1inas.and
emall splittings, The observed sharp triplets must cor-
respond to exclted levels with the configuration
kfﬁﬁdéaa. None of these levels has so far been ldenti-
fied in the spectrum of 8ml, presumably swalting datsa
on the magnetlc splitting of the lines, Hence, this
technique may be a useful tool in further unravelling
the rare earth spectra, ¥For example, the level gt
21,193 em™! in 8SmI (8) probably derives from the
hfﬁﬁdéag configuration,

With heavier samarium deposits, these sharp triplets
cannct be resolved, snd appear 28 single brosd lines,
Hence, some of the lines in the spectra mey in fact be
such unresoclved triplets, A pﬁinstaking serles of ex-
perizents, with speclal emphasls on control of samarium
atom concentration should resolve the gquestion,

Fluorescence was also observed, In Figure 7, two
dlstincet sets of emission lines can be seen, with sepa-
ration 520 em™3 epvrespanding to transitions to the

ground state levels 7Ff and 7F§_, which show this
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separationlin the free atom, This affords further
evidence of the close correlstion between the trapped
and free atom,

Some comments on the trapping site for the atom
are in order, The fairly sharp reproducible spectra
obtained indlcate that probably only one site is
involved, although in argon, which gives rise to more
eempléx apectra, two sites may be important. Data for
erystals of argon, krypton, and samarium are shown in
Table 3, Poner et al (13) have discussed the three
principal trapping altes for an atom in a rere gas
matrix, and 1n the case of samarium the atomic &iman«
sione indicate that the substitutlonal site, with
cublc symmetry, is the only one feasible, However,
the complete removal of threefold degeneracies of the
atom suggests that the inert gas crystsl 1s distorted
by the trapped atom, resulting in a symmetry not

exceeding orthorhombic,



25

Table 2

(a) Swml levels with J = 1, observed in abscrption,
(Two unclassified levels are included.)

(Reference 8)

Relative Absorption

Energy (em~!) Intensity
13,999.53 (4£6sép, 7F ) 10
14,863.85 (4£%s6p, TG7) 10
16,696.7? 2
17,769.67 3
18,225,09 2
18,475,24 1
18,985.75 2
20,091,08 b
21,193,68 1
21,748,46 (unclaesified) 2
22,313,621 2
22,014,05 (4£%6s6p, G 2
23,080,51 {unclassified) 3
23,629.97 1

26,231,09 4
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Teble 2{e) {Continued)

Freguency Frequency
21,710 (40) & 24,270 (15) &
21,990 (20) 10 2h,956 (10) 2
22,070 (40) B8 24,994 (10) 1
22,380 (15) 5 ol,478 (10) 2|fiucrescence
22,440 (15) 5 eh,517 (10) 1
22,560 (40) 10 25,880 (5) 8
22,780 (40) T 25,900 (5) 8
22,900 {18) & 26,380 (18) &
22,990 {60) © 26,430 (15) 4
23,170 (15) 3 26,540 (10) &4
23,330 (150) 10 26,590 (10) &
23,568 (4) 10 26,660 (15) 5
23,579 (4) 10 26,690 (10) 5
23,590 (4) 10 26,820 (15) 3
23,870 (15) 10 26,890 (15) 3
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